Simple~dorsal light reflex! and complex~predator-prey interactions! visually mediated behaviors were used concurrently with morphological examination to assess restoration of visual function following optic nerve crush in bluegill~Lepomis macrochirus! ϫ pumpkinseed~Lepomis gibbosus! hybrid sunfish. Regenerating optic nerve axons projected into the stratum opticum-stratum fibrosum et griseum superficiale by week 2, the stratum griseum centrale by week 4, and stratum album centrale by week 6. Initial projections into the laminae were diffuse and less stratified compared to controls. By week 12, the projection pattern of regenerating nerve fibers closely resembled the innervation of normal tecta. Visual improvements were correlated with increasing projections into the tectum. The dorsal light reflex improved from a 458 vertical deviation following nerve crush to 4.58 by week 16. Initial predator-prey interactions were exclusively mediated by the control eye. As regeneration progressed, there was a gradual expansion of the visual field. The reaction distance and attack angles within the visual field of the experimental eye were initially less than controls, however, these differences disappeared by week 10. Improvements in visual function were closely correlated with an increase of regenerating ganglion cell axons into the optic tectum indicating sufficient synaptogenesis to mediate both simple and complex visual behavior.
Introduction
Teleost fish historically have been used as models for nerve regeneration because they possess the ability to regenerate nerves throughout life~Sperry, 1948!. A number of studies have addressed the ability of the optic nerve to regenerate to anatomical and functional completion~Schwassmann & Kruger, 1965; Meyer, 1980; Northmore, 1989 !. Within two weeks of optic nerve transection, retinal axons re-invade and branch across the optic tectum Stuermer & Easter, 1984; Rankin & Cook, 1986; Hayes & Meyer, 1988; Schmidt et al., 1988 !. Synaptogenesis has been documented within three weeks after optic nerve crush in the goldfish, with subsequent regeneration proceeding across the tectum in an anterior to posterior gradient~Schmidt & Edwards, 1983; Hayes & Meyer, 1989; Meyer & Kageyama, 1999!. There is often an overproduction of optic nerve axons early in regeneration~Schmidt et al., 1988!, and although the retinotopic map is roughly restored by week 5, refinement of the axons and synapses continues for several more weeks~Meyer, 1980; Meyer & Kageyama, 1999; Meyer et al., 1985!. Sunfish are primarily visual predators and feed throughout the day on a wide variety of prey~Mittelbach, 1984; Janssen & Corcoran, 1993 !. Sunfish visual projections have been mapped Striedter & Northcutt, 1989; Northcutt & Butler, 1991! , and this family of fishes has served as a model for physiological and behavioral assessment of optic nerve regeneration~Schwassmann & Kruger, 1965; Northmore, 1981 Northmore, , 1991 However, previous studies used simple visual tests such as light detection~Northmore, 1989; Northmore & Masino, 1984 ! or contrast sensitivity~North-more & Celenza, 1992 ! to document visual recovery. Therefore, the extent that regenerated fibers can mediate complex visual behaviors, such as prey tracking, remains largely unknown.
The ability of fish to detect, track, and attack prey provides a more complicated challenge than contrast sensitivity and a more naturalistic assessment of visual function. Predator-prey interactions have been used to test a number of sensory modalities Howick & O'Brien, 1983; McMahon & Holanov, 1995; Richmond et al., 2004 !. Zooplankton have been used predominantly as prey~Werner & Hall, 1974 Batty et al., 1990; Walton et al., 1992! in fish trials because these small targets allow assessment of visual acuity. However, plankton possess relatively modest escape abilities, whereas active prey such as minnows provide a more challenging target that allows examination of visual integration with motor behavior.
The purpose of this study was to measure the rate and accuracy of optic nerve regeneration in hybrid sunfish using anatomical and behavioral methods. Histological examination of optic nerve projections was used concurrently with the dorsal light reflex DLR! and predator-prey interactions to determine the time course and extent of regeneration and the restoration of normal visual function.
Materials and methods

Animal collection and care
Bluegill~Lepomis macrochirus! ϫ pumpkinseed~Lepomis gibbosus! hybrid sunfish were collected by seine~0.5-cm mesh! from June through September 2002 at the Rice Lake Dam, Rice Lake, Minnesota. The hybrid sunfish were chosen because they were the most abundant sunfish~Ͼ70%! in the collection area. Fish were transported to the University of Minnesota, Duluth~UMD! in a cooler with lake water and a portable aerator. At UMD, all sunfish were maintained in a 760 L recirculating aquarium system. This system consisted of multiple tanks that were equipped with mechanical, ultraviolet, and biological filtration. The water was supplied with supplemental aeration and maintained at 228C. Sunfish were maintained on a 12 h light0dark cycle and fed frozen brine shrimp daily except for two days prior to predator-prey experiments. All fish were cared for in accordance with University of Minnesota and the American Physiological Society animal care guidelines.
Optic nerve crush
Sunfish~n ϭ 24; 7 to 9 cm standard length! were anesthetized by immersion in a buffered solution of 0.02% MS-222~pH 7.3! until a stage III level of surgical anesthesia was attained~Jolly et al., 1972!. The fish were then placed between moist sponges in a 40 cm ϫ 11 cm aquarium. A small tube was inserted into the buccal cavity to provide continual circulation of the anesthesia over the gills and maintain a deep level of anesthesia.
The connective tissue around the dorsum of the right eye was cut with microscissors, with care taken to preserve the integrity of the ocular muscles. The dorsal part of the eye was depressed to expose the optic nerve and the nerve was crushed between a pair of fine forceps for 5 to 10 seconds within 2 mm of its projection from the eyecup. The procedure left the optic nerve sheath intact. The efficacy of the crush was determined by visual inspection of the sheath to insure there was complete disruption of the fibers. If any nerve fibers were observed transversing the crush site, the procedure was repeated. The eye and connective tissue were returned to their normal positions.
The sunfish were revived by irrigating the gills with fresh aquarium water. After recovery from the anesthetic, the fish was moved into a 38 L recovery tank and treated with antibiotics Furan 2: 60 mg Nitrofurazone, 25 mg Furazolidone, and 2 mg Methylene Blue Trihydrate per capsule; one capsule per 38 L for 48 h with an 80% water change and reapplication of the antibiotic after 24 h!. After two days, the fish was returned to its individual compartment within the recirculating aquarium system.
Dorsal light reflex
Dorsal light reflex experiments were performed weekly on experimental fish and unoperated control fish~N ϭ 4!. Fish were placed in a light tight container and transferred to a dark room for a minimum of 45 min to allow dark adaptation. They then were transferred to a 7 L test aquarium~26 cm ϫ 17 cm ϫ 21 cm! in the dark and allowed to acclimate for 15 min. Following acclimation, the aquarium was illuminated with a 100 W, 12 V incandescent bulb that provided broadband light at an intensity of approximately 50 lux at the water surface. The fish were videotaped using a Sony digital video camera for up to two minutes and then returned to their home aquaria.
The videotape was analyzed using DVShelf frame grabbing and Scion Image~Scion Corporation! software. Single frames were captured and analyzed at 15-s intervals following light onset. All experimental fish tilted their control eye away from the downwelling light. The angle that the fish tilted its ventral to dorsal body axis from vertical was calculated in each frame. The angle for the first four time-points was averaged to determine the DLR.
Predator-prey interaction experiments
A 50-cm diameter aquarium was used for predator-prey interactions. The arena was filled with 30 l of water to a depth of 10 cm. The arena was surrounded by black cloth to shield the fish from observers and was illuminated to 8 lux at the water surface via a 100 W incandescent light bulb. The light intensity is within the range that crepuscular predators such as the sunfish would encounter during sunrise and sunset when foraging reaches its maximum Richmond et al., 2004 !. The interactions were filmed from above with the video camera. Either normal~unoperated control! or experimental~optic nerve crush! fish were transferred to the arena and allowed to acclimate for 15 min. A single fathead minnow Pimephales promelas; 2.4 to 2.7 cm standard length! was introduced into the tank below the water surface via a 2.5 cm diameter tube. If the minnow was consumed, another one was introduced until the fish either refused to approach the prey for 10 min or the 30-min trial was completed. Fish also were filmed in the dark 0 lux! using infrared light.
Reaction distance and strike angle were measured from the midpoint between the eyes of the sunfish to the midpoint of the body of the prey at the moment that the sunfish detected the prey. Prey detection was defined as the point the sunfish initiated orientation towards the prey prior to an attack at the prey. Strike success was any strike that resulted in the sunfish contacting the prey with its mouth, however not all successful strikes resulted in capture of the minnow.
Nerve labeling
Optic nerve regeneration was analyzed by bulk labeling the nerve with biocytin~e-biotinoyl-L-lysine!. The intact optic nerves of four sunfish were labeled and served as controls. Three additional sunfish were used to determine that the efficacy of the nerve crush and the optic nerve was labeled 48 h after surgery. Four experimental fish~total n ϭ 24! were sampled every two weeks for histological examination.
For bulk nerve labeling, fish were anesthetized, a moistened absorbent cloth placed over the body and the gills continually perfused with anesthetic solution. The cornea and lens were removed and the vitreous humor was wicked away to expose the 310
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optic nerve head. The nerve fibers surrounding the optic nerve were transected with glass microneedles and crystals of biocytin were applied to the transected fibers for 15 min. A thin sheet of cyanoacrylate gel~Krazy Glue! was used to seal the eye. The sheet was immediately solidified by the addition of a catalyst~Zip Kicker!. The fish were revived and placed in a recovery tank for 48 h. The fish were then deeply anesthetized~0.050% MS-222! to surgical level III~Jolly et al., 1972!, and both eyes and the dorsal cranium were removed. The tissue was preserved by immersion in 3% paraformaldehyde-1% glutaraldehyde in phosphate buffered saline~PBS!. The brains were removed after a minimum of 72 h in the fixative, then cryoprotected in 30% sucrose in 0.1 M PBS overnight. The brain was then transferred to 0.1 M PBS. The optic tectum was cut into 50-µm coronal sections with a cryostat~Microm 505HM!. The sections were rinsed with 0.1 M PO 4 buffer and then washed with 0.4% triton-X 100 in 0.1 M PBS for 30 min. The sections were then incubated in ABC solutioñ Vectastain! for three hours followed by rinses in 0.1 M PO 4 buffer. The sections were reacted in a 50% solution of diaminobenzidine~DAB! in deionized water and 0.1 M PO 4 buffer with 30% H 2 O 2 for 2 to 10 min. The reaction was halted by removal of the DAB-H 2 O 2 and addition of 0.1 M PO 4 buffer to the wells. Tissue was rinsed a final time with 0.1 M PO 4 . The optic tectum slices were mounted on chrome-alum coated slides and stained in 0.3% cresyl violet, dehydrated, cleared, mounted with Permount, and cover-slipped.
Identical sites were sampled consistently between animals by referring to cytoarchitectural landmarks such as nuclear borders and cell morphology. Regeneration was qualitatively analyzed by comparing the extent of labeled optic nerve axons in the stratum opticum-stratum fibrosum et griseum superficiale~SO-SFGS!, stratum griseum centrale~SGC! and stratum album centrale~SAC! laminae~Fig. 1A! of regenerating fish with controls.
Statistical analysis
Data analysis was performed using GraphPad Software~San Diego, CA!. Samples were tested for normality using the method of Kolmogorov and Smirnov. Bartlett test was used to assure that the standard deviations~SD! of the groups were equal in order to use parametric statistical tests. If the SDs were unequal, non-parametric tests were employed. Oriana software~version 2.0! was used to perform Watson Williams's tests for circular statistics.
Results
Histology
The efficacy of the crush was examined in sunfish~N ϭ 3! whose optic nerve was bulk labeled within 48 hours of crush. Labeled axons were not detected in the optic nerve~or the tectum! medial to the crush site, indicating the technique completely crushed all optic nerve axons. Fig. 1 shows light photomicrographs of coronal cross sections through the left optic tectum of the sunfish at variable times following nerve crush. All sections were taken approximately 900 mm from the anterior margin of the optic tectum. At two weeks post-crush~Fig. 1B!, many axons had regenerated past the crush site in the optic nerve, however; only a few labeled axons were visible in the extreme ventro-lateral portion of the SO-SFGS. By week 4, there was an increase in the labeled axons in the SO-SFGS, a few projections into the SGC and none into the SAC. By week 6~Fig. 1C!, all tectal laminae contained regenerating axons. All laminae showed increasing nerve label through week 12, however organization of the regenerated fibers in each lamina remained less distinct than controls.
Dorsal light reflex
Control sunfish maintained an upright swimming position when the illumination source was directly above the tank. Following optic nerve crush, experimental fish exhibited a pronounced DLR throughout the day and swam with their control eye tilted away from downwelling light. Although the tilt was seen to dissipate during the day by week 6, it persisted when dark-adapted fish were first exposed to light. Dark-adapted fish displayed an average tilt of 45.58 6 2.28 SE from vertical during the first two weeks post-crush and little improvement was observed through week 6. However, the DLR decreased significantly~ANOVA; P Ͻ 0.001! over the next six weeks~Fig. 2! and was reduced to 4.58 6 1.38 by week 16. Fig. 3 plots the distribution of predator-prey interactions throughout the study. All experimental fish resumed feeding within one week following surgery. Most of the attacks by the control sunfish were at prey located in the visual field of the left eye~; 65%! with a strike success rate of approximately 28%. Throughout the first four weeks in the experimental fish, greater than 90% of the strikes were at prey within the view of the left~control! eye. As regeneration progressed, the range of the strikes expanded into the visual field of the experimental eye until the distribution of strikes by week 10 closely resembled controls.
Predator-prey interactions
Individual strikes are plotted in Fig. 4 . There was no significant difference in distance or strike angle for control fish in the light between left and right visual fields~Tables 1 and 2!. During the first two weeks post-surgery~Fig. 4B!, the majority of strikes were initiated by prey in the visual field of the control eye. Strike distance continued to be greater on the control side through week 8, however by weeks 9 and 10 there was no significant difference in distance between the two eyes~Table 1!. Strike angle averaged approximately 458 degrees in control eyes. The average strike angle in the right visual field increased from 6.38 in weeks one and two to 32.88 by week 10~Table 2!. By Week 9-10, the mean strike angle was no longer significantly different than controls.
To account for visual field overlap @108 binocular overlap for each eye in fish~Walls, 1942!#, the strike angles were replotted 
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~Fig. 5! into three sections: 108 to 180 to the left~control eye!, 6108~binocular overlap!, and 108 to 1808 to the right~experimen-tal!. Approximately 50% of the strikes of control fish occurred in the left visual field and 20% fell within the binocular field. During the first two weeks following nerve crush, over 80% of the strikes were to prey on the control side and 18% fell within the binocular cone. By weeks 7 and 8, there was a large increase in the percentage of strikes towards the right visual field and by weeks 9 and 10, the attack distribution approximated the presurgical strike distribution.
Discussion
The utility of behavioral techniques is that they provide a direct measure of synaptic regeneration, whereas electrophysiological studies typically measure only presynaptic impulses of retinal ganglion cells~Springer & Agranoff, 1977!. Behavioral assays are also useful because they are non-invasive measures that allow for multiple experiments at different stages of regeneration~Springer & Agranoff, 1977!.
Histology
The optic nerve regenerated quickly with axons projecting into the optic tectum within two weeks of nerve crush. Central projections were first seen in the SO-SFGS at two weeks and were detected in the SGC and SAC at weeks 4 and 6, respectively. The number of projections and refinement of tectal laminae continued to increase throughout the experiment. The optic tectum of the experimental fish at 12 weeks strongly resembled controls in the number of 
Behavior (simple)
The DLR is a natural teleost behavior during which fish attempt to keep their lighter ventral surface parallel with downwelling light by tilting about their longitudinal axis to make it more difficult for predators to discern the silhouette of the fish. The behavior is mediated by fish rotating their bodies to equalize downwelling light in both eyes. Although vestibular input will eventually counteract the reflex, post-operative tilts in excess of 60 degrees were common. Springer et al.~1977! demonstrated by tectal ablation that the optic tectum was unnecessary for the DLR and other non-tectal nuclei may be the center for this behavior~Springer & Agranoff, 1977!, and Yanagihara et al.~1993! abolished the DLR by lesioning the lateral valvula cerebelli. Gibbs and Northmore~1996! demonstrated that the torus longitudinalis was responsible for the DLR. Regardless of its epicenter, the DLR is dependent on equalizing light to both eyes and if vision is compromised in one eye, fish will swim with their control eye downward to equalize the light to both eyes~Mensinger & Powers, 1999!. The improvement in the DLR provides strong evidence for the synaptogenesis of the regenerating axons to their correct central targets.
Fish may eventually habituate to the unequal light distribution and resume normal swimming during the day as observed with the sunfish following week 6. However, the reflex remains an accurate test during the first few minutes of light exposure for dark-adapted fish and allows differentiation between habituation and regeneration. Maximum tilts were observed soon after nerve crush, however, there was a significant improvement after week 6, concurrent with the projections and increased lamination in all tectal layers. A small 4.58 tilt that continued to persist at 15-16 weeks post-crush indicates that refinement may still be ongoing. Hayes and Meyer 1989! indicated that synaptic refinement in the goldfish could persist through 34 weeks post-transection.
Behavior (complex)
Historically, most optic nerve regeneration studies have pursued relatively simple behaviors such as LED flash response~North-more, 1989; Northmore & Masino, 1984! and contrast sensitivitỹ Northmore & Celenza, 1992!. The DLR provided an estimate of the reestablishment of functional connections, however it did not relay information on the spatial accuracy of these connections. Vision plays a critical role in sunfish and mediates predator-prey interactions~Howick & O 'Brien, 1983; Nyberg, 1971 !. The use of smaller prey, such as Daphnia spp., might have given information on the return of visual acuity or synaptic refinement. However, minnows were chosen as they proved a more challenging target only 33% of strikes in the control sunfish were successful! that allowed assessment of the integration of visual function and motor behavior. In addition, because the sunfish approached and consumed the minnows, prey were not beyond the gape limitation of the sunfish. Therefore, small variation in either minnows or sunfish size were insignificant and played no role in the analysis of the predator-prey interactions. Most control sunfish attacks on minnows were forward~6308! and biased to prey on the left. It may have been some anomaly in the aquarium~differential light intensity, water currents, prey insertion point!, or in the external lab environment~noise, mechanical vibration! that resulted in this bias. However, an alternate explanation for this bias could be a lateralization, or "handedness," in feeding behavior or use of the left eye in sunfish. Lateralization has been found in the stridulation sound production of channel catfish~Fine et al. Sovrano et al., 2001; Sovrano, 2004; De Santi et al., 2002; Dadda & Bisazza, 2006 !. Whereas lateralization has been established in fish, this would be the first evidence of lateralization in feeding behavior or preferential eye use in sunfish. However, this potentially novel discovery requires further study for confirmation.
In sunfish predator prey interactions, lateral line input must be considered. Control sunfish successfully detected and attacked prey in total darkness, presumably using lateral line information. However, the range in the dark was limited, with an average reaction distance of 3.2 cm and a maximum range of 5.7 cm. Therefore, any strikes at targets greater than 6 cm from the predator were considered visually mediated. As regeneration progressed, the average reaction distances exceeded the maximum range of 5.7 cm of the lateral line providing evidence that the majority of the attacks were visually mediated.
There is a 108 binocular overlap for each eye of the sunfish, and therefore prey-initiated strikes within the 6108 cone~Walls, 1942! could possibly be viewed by either eye or both eyes. By factoring this overlap, the percentage of strikes initiated by prey was heavily weighted towards the control eye early in regeneration. Beginning in weeks 5 and 6 and continuing through weeks 9 and 10, there was a gradual return of the strike distribution to control patterns. By the end of the experiment, the average attack angles were not statistically different to controls, indicating that sunfish were using the experimental eye in prey capture similar to unoperated sunfish. This progression corresponds with the improved stratification in the tectal laminae over the same time period. Although the refinement of optic projections might still be ongoing, restoration of visual function was sufficient to mediate predator prey interactions throughout the normal visual field.
Retinotectal topography indicated that points in the anterior and posterior visual fields correspond to points in the anterior and posterior tectum respectively~Schwassmann & Kruger, 1965; Schwassmann & Krag, 1970; Cook, 1979 !. Previous regeneration experiments indicated that optic nerve regeneration proceeded sequentially from anterior to posterior portions of the tectum Stuermer & Easter, 1984; Hayes & Meyer, 1988 !. The strike pattern indicated that the visual field of the experimental eye expanded in an anterior to posterior gradient. Gradual expansion of the visual field continued as the sunfish struck to the right at increasing angles, from a range of 438 early in regeneration to over 1208 late in regeneration.
Although previous studies have demonstrated that the teleost optic nerve can regenerate and re-establish functional connections, the ability of the new connections to mediate complex visual behavior remained unknown. These experiments demonstrate for the first time that the regenerated optic nerve can mediate complex visual behavior such as target detection and allow the animal to successfully track and strike at the moving target.
